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Engulfing Action of Glial Cells Is Required
for Programmed Axon Pruning
during Drosophila Metamorphosis
Introduction
To establish and maintain functional neural circuits in
the brain, local modification and fine-tuning of synaptic
connections are required during development and matu-
Takeshi Awasaki1,2,3,* and Kei Ito1,2,4




Japan ration. Axon pruning is characteristic of this process [1].
To achieve elaborate and selective projections, neurons2 National Institute for Basic Biology
Okazaki-shi, Aichi, 444-8585 often overabundantly extend their axons and collaterals,
and later, excessive branches are pruned. For example,Japan
3 Precursory Research for Embryonic Science in the chick, during the establishment of a topographic
map of the retinotectal projection, axons from retinaland Technology
Japan Science and Technology Corporation ganglion cells first overshoot their target and then refine
their projections by selective pruning of excessive axonKawaguchi, 332-0012
Japan segments [2]. In the mouse, in order to accomplish spe-
cific projections of layer V neurons, neurons of both4 Institute for Bioinformatics Research
and Development motor and visual cortices extend their axon branches
similarly at an early phase of development and selectivelyJapan Science and Technology Corporation
Tokyo, 102-0081 prune their superfluous branches in later phases [3].
In the nervous system of holometabolous insects suchJapan
as Drosophila and Manduca, neurons of the larval ner-
vous system undergo specific pruning of axons and
dendrites during early metamorphosis [4–6]. Pupal re-
Summary modeling of the Drosophila mushroom body (MB) neu-
rons is especially well documented. MB neurons consist
Background: Axon pruning is involved in establishment of at least three subtypes, , /, and /, which are
and maintenance of functional neural circuits. During sequentially generated during development and form
metamorphosis of Drosophila, selective pruning of larval different types of axon branches and dendritic arbors
axons is developmentally regulated by ecdysone and in the adult [7, 8]. At the end of the larval stage, axons
caused by local axon degeneration. Previous studies of the  neurons run through peduncles to then bifurcate
have revealed intrinsic molecular and cellular mecha- to form dorsal and medial branches in the MB lobes
nisms that trigger this pruning process, but how pruning (Figures 1A and 1C). During the first day of pupal meta-
is accomplished remains essentially unknown. morphosis, these branches gradually disappear, and
Results: Detailed analysis of morphological changes in most of them are pruned within 18 hr after puparium
the axon branches of Drosophila mushroom body (MB) formation (APF) [7] (Figures 1D–1F). The axons then re-
neurons revealed that during early pupal stages, clusters grow as unbranched, extending only medially, thus re-
of neighboring varicosities, each of which belongs to sulting in the formation of the unbranched  lobe in the
different axons, disappear simultaneously shortly before adult [7].
the onset of local axon degeneration. At this stage, bun- There are two possible mechanisms for this pruning
dles of axon branches are infiltrated by the processes process. One is axon retraction: neurons withdraw their
of surrounding glia. These processes engulf clusters axons disto-proximally. The other is local axon degener-
of varicosities and accumulate intracellular degradative ation: certain regions of the axons are disconnected and
compartments. Selective inhibition of cellular functions, removed by degradation. Two recent studies demon-
including endocytosis, in glial cells via the temperature- strated examples of axon pruning based on both mecha-
sensitive allele of shibire both suppresses glial infiltra- nisms [1]. Pruning of long axon branches in the murine
tion and varicosity elimination and induces a severe hippocampus is likely achieved by axon retraction initi-
delay in axon pruning. Selective inhibition of ecdysone ated by activation of the Plexin-A3 receptor in response
receptors in the MB neurons severely suppressed not to the repulsive action of Semaphorins [9]. Axon pruning
only axon pruning but also the infiltration and engulfing of MB  neurons during Drosophila metamorphosis, on
action of the surrounding glia. the other hand, is mediated by local degeneration of
Conclusions: These findings strongly suggest that glial axons and is associated with the intrinsic functions of
cells are extrinsically activated by ecdysone-stimulated the ubiquitin-proteasome system [10].
MB neurons. These glial cells infiltrate the mass of axon Pruning of the MB  neurons is triggered by the ecdy-
branches to eliminate varicosities and break down axon sone in a cell-autonomous manner. Previous studies
branches actively rather than just scavenging already- focused on the intrinsic molecular mechanisms required
degraded debris. We therefore propose that neuron- for the pruning [10, 11]. Glial cells have important roles,
glia interaction is essential for the precisely coordinated however, in various phases of neural development [12,
axon-pruning process during Drosophila metamor- 13] and in cellular events associated with neural damage
phosis. caused by injury and neurodegenerative diseases [14,
15]. Because glial cells are closely associated with Dro-
sophila larval MB, it is possible that glia have a substan-*Correspondence: awasaki@iam.u-tokyo.ac.jp
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Figure 1. Axon Pruning of the Drosophila Mushroom Body (MB) Neurons
(A and B) Schematic illustration of multiple (A) and single (B) MB  neurons at late third larval instar (L3). A  neuron sends dendritic arbors,
which form the calyx (ca) near its cell body (cb), and extends an axon via the peduncle (p). At the anterior end of the peduncle, the axon
bifurcates to form these dorsal (d) and medial (m) lobes. Most of the varicosities are arranged on these dorsal and medial axon branches. A
rectangle in (A) indicates the region of the dorsal lobe that we focused on in this study.
(C–F) Overall structure of the MB during early metamorphosis. Bifurcated dorsal (d) and medial (m) axon branches of larval  neurons (C) are pruned
gradually at 6 hr (D) and 12 hr APF (E). Most of the axon branches disappear by 18 hr APF, whereas the peduncles (p) remain unpruned (F).
(G–J) Axon branches of single  neurons. At L3 (G), bifurcated axon branches are synaptically connected to other elements throughout their
length. Synaptic varicosities are labeled clearly on the axons (arrowheads). The largest varicosity with a diameter of 1.8 m is indicated by
an arrowhead with asterisk. At 6 hr APF (H), the overall structure appears similar, but the number of varicosities is reduced (see Figure 2A).
At 12 hr APF (I), most varicosities disappear and axons are disconnected (dashed arrows). Fragments of axons are frequently observed in
the tip region of the lobes. At 18h APF (J), most axon branches disappear.
Scale bars are equal to 20 m. All figures in this study show frontal view of the brain arranged lateral to the left and dorsal to the top.
Genotypes: GAL4-201Y/UAS-cGFP (C–F), FRT19A, tubP-GAL80, hs-FLP/FRT19A; GAL4-201Y, UAS-cGFP (G–J).
tial role in the course of developmentally regulated local single  neuron is labeled with cytoplasmic-GFP (cGFP)
reporter combined with the mosaic analysis with a re-axon degeneration.
We analyzed detailed morphologic changes of axon pressible cell marker (MARCM) system [17] and the en-
hancer-trap strain GAL4-201Y [18]. These axon branchesbranches accompanying axon pruning in Drosophila MB
 neurons and report that the clusters of neighboring are also labeled strongly with the anti-Synaptotagmin
antibody, which detects synaptic vesicle protein accu-varicosities belonging to different axon branches disap-
pear simultaneously before the onset of local axon de- mulated in the presynaptic sites (data not shown). Thus,
the larval  neurons seem to be extensively intercon-generation. We demonstrated that infiltration of glial
processes is associated with this clustered varicosity nected with other neurons through synapses. Because
synaptic terminals are condensed in the varicosities [19],disappearance. We provide evidence that inhibition of
glial infiltration suppresses varicosity disappearance as we first examined the fate of these varicosity structures
during the time course of axon pruning.well as suppresses local axon degeneration. These find-
ings strongly suggest that infiltrated glial cells eliminate The number of varicosities on a dorsal axon branch
was counted at various developmental stages (Figurevaricosities and break down axon branches actively
rather than just scavenging already degraded debris. In 2A). A single branch contained 20.7 and 21.4 varicosities
on average in the brains of late third-instar larvae (L3)this issue of Current Biology, Watts and his colleagues
reported ultrastructural analyses showing the involve- and in pupae just after puparium formation (0 hr APF),
respectively. The number of varicosities was reducedment of glial cells in the axon pruning of  neurons [16].
In addition, we show that infiltration and the engulfing by approximately 35% at 6 hr APF (an average of 13.6
varicosities per axon branch, Figures 1H and 2A). Toaction of glial cells are extrinsically regulated by  neu-
rons stimulated with the steroid molting hormone 20- compare the timing of local axon degeneration and re-
duction of varicosity numbers, we simultaneously exam-hydroxyecdysone (hereafter referred to as ecdysone).
Thus, the neuron-glia interaction has an indispensable ined the frequency of disconnected axons (Figure 2B).
Only a very few axon branches were disconnected at 6role in this type of pruning process.
hr APF (2 of 60 observed axons).
At 12 hr APF, approximately 90% of varicosities disap-Results
peared (an average of 2.0 varicosities per branch) and
75% of axons were disconnected (30 of 40) (Figures 1IDisappearance of Varicosities on the Axon Branch
Occurs at the Early Phase of Axon Pruning and 2). At 18 hr APF, more than 95% of varicosities
disappeared (an average of 0.9 varicosities per branch)The dorsal and medial axon branches of the larval 
neurons have many varicosities along its trajectory (Fig- and 90% of axons were disconnected (48 of 53) (Figures
1J and 2). In many cases, distal portions of disconnectedures 1B and 1G), which are clearly visualized when a
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Figure 2. Quantitative Analysis of Axon Branches of  Neurons
The number of varicosities (A and C) and frequency of axon discon-
nections (B and D) in the dorsal axon branch of the  neurons
in wild-type (A and B) and usp mutant (C and D)  neurons (see
Experimental Procedures). In wild-type, a statistically significant re-
Figure 3. Disappearance of Clustered Varicosities in the Axon Bun-duction of varicosities was observed between L3/0 and 6 hr APF
dle of  Neuronsand between 6 and 12 hr APF ([A], asterisks, t test, p  0.05).
(A and B) Cross-section of the dorsal axon branches of  neuronsFrequency of axon disconnection was increased drastically between
labeled with targeted expression of cytoplasmic GFP (cGFP) and6 and 12 hr APF in wild-type (B). The reduction of the number of
anti-FasII antibody at L3 (A) and 6 hr APF (B). Axon branches of varicosities and the increase in axon disconnections were sup-
neurons are labeled uniformly at L3 (A), whereas holes of unlabeledpressed in the usp mutant (C and D). Only a small, statistically
regions appear at 6 hr APF (B) (arrowheads). Several unlabeled holesnonsignificant reduction of varicosities was observed between L3
are larger than 5 m in diameter (arrowheads with asterisks in [B]).and 6 hr APF ([C], minus symbol, t test, p  0.05). The frequencies
Large unlabeled regions at the core of the shaft and tip of the lobeof axon disconnections at 12 and 18 hr APF were significantly
(stars) correspond to the unlabeled axon bundle of / neurons.smaller than in the wild-type samples of the same stage ([B] and
Confocal, single optical sections are shown. Left, middle, and right[D], asterisks, t test, p  0.05). The number of samples examined
show GFP, anti-FasII, and merged image, respectively. Scale baris shown in each bar. Data represent the mean  SEM.
equals 10 m.FRT19AGenotypes: FRT19A, tubP-GAL80, hs-FLP / FRT19A; GAL4-201Y,
Genotypes: GAL4-201Y/UAS-cGFP.UAS-cGFP (A and B). hs-FLP, tubP-GAL80, FRT19A/usp3, FRT19A;
GAL4-201Y, UAS-GFP (C and D).
of the varicosities proceeded gradually during the first
axons remained at 12 hr APF, and only distal tips of 18 hr of the pupal stage (Figure 2A). How do the varicosi-
axons frequently remained at 18 hr APF (Figures 1I and
ties disappear in these masses of axon branches? Do
J), suggesting that the shaft region of the axon branch
they disappear randomly, one by one, or in a coordinated
tends to degenerate first. At 12 hr and 18 hr APF, the
process? To examine this, we observed the detailednumber of varicosities was drastically reduced even on
structure of the dorsal MB lobe (rectangle in Figure 1A)the axons that were not yet disconnected (an average
by using the enhancer-trap strain GAL4-201Y and the2.8 [n  10] and 1.4 [n  5] varicosities per branch,
anti-Fasciclin II (FasII) antibody, both of which label ax-respectively). These data suggest that disappearance
ons of  neurons from the larva to adult stage [7, 21, 22].of varicosities precedes local axon degeneration.
In the dorsal lobe of late larvae (L3), a mass of  neuronPruning of axons is triggered by ecdysone through
axons was labeled uniformly with cGFP driven by GAL4-the complex of ecdysone receptor type B1 (EcR-B1)
201Y and with anti-FasII antibody (Figure 3A). At 6 hrand Ultraspiracle (USP), the Drosophila homolog of the
APF, however, many hole-like structures of unlabeledmammalian retinoid X receptor [11]. If the disappear-
regions appeared in cross-sections (arrowheads in Fig-ance of varicosities is associated with programmed
ure 3B). Considering that the number of varicosities wasaxon pruning, the disappearance should be suppressed
significantly reduced at this stage whereas most axonsby inhibition of ecdysone signaling. To address this, we
had not been disconnected (Figures 2A and 2B), it isexamined axon branches of the clones of usp mutant 
highly likely that the hole-like structures correspond toneurons (Figures 2C and 2D). Both disappearance of
the vestiges of disappeared varicosities.varicosities and axon disconnection were significantly
To confirm this, we compared lobes labeled with thesuppressed. Thus, these phenomena were regulated
targeted expression of the presynapse marker n-Synap-cell autonomously by the ecdysone-induced stimulation
tobrevin::GFP (nSyb::GFP) [23] and the membraneof  neurons.
bound reporter mCD8::GFP (mGFP) [17]. Like cGFP,
nSyb::GFP strongly labels varicosities along the axonNeighboring Varicosities Disappear in Clusters
branches. Images of the sections at 6 hr APF clearlyThere are more than 2000 neurons that form the larval
MB [20], and our results indicated that disappearance reveal the hole-like structures (Figure S1C). On the other
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hand, mGFP labels voluminous varicosities much less
intensively than cGFP, because these subcellular re-
gions contain less membrane surface per volume [24].
mGFP labeled the hole-like structures much less clearly
than did cGFP (Figure S1D). This further supports the
hypothesis that the unlabeled regions were associated
with the disappearance of varicosities.
An alternative explanation is that the holes of the unla-
beled regions might be formed by the penetration of
unlabeled axon branches. / neurons born during
third larval instar extend their axons to the core of each
MB [25]. Because they were not labeled with GAL4-201Y
or anti-FasII antibody, the core of the dorsal lobe is left
unlabeled (stars in Figures 3A–3B). To test whether the
hole-like, unlabeled regions might correspond to the
branches of these unlabeled neurons, we used cGFP
with another enhancer-trap strain, GAL4-OK107, which
labels not only  neurons but also / neurons [7, 26].
Though the core of the lobe was clearly labeled in this
preparation (stars in Figure S1E), the hole-like structures
were still observed (arrowheads in Figure S1E). This
ruled out the possibility that the hole-like structures were
formed by the penetration of / axon branches.
Each hole-like structure was considerably larger than
the size of a single varicosity. The diameter of many
holes was more than 5 m (Figure 3B, arrowheads with
asterisks), whereas the size of the largest varicosity was
1.8 m (Figure 1G, arrowhead with asterisk). This indi-
cates that each unlabeled hole corresponded to the
vestige of multiple varicosities. Because the varicosities
of a single neuron were scattered along its axon branch
(Figure 1G), it is unlikely that a single hole corresponds
to the varicosities that belong to a single neuron. Rather,
neighboring varicosities from different neurons must si-
multaneously disappear in a cluster.
Infiltration of Glial Cells into Lobes
The larval neuropil of the central nervous system of
Drosophila is covered by sheaths of neuropil-associat-
ing glial cells [27]. Three-dimensional reconstruction of
the confocal serial sections revealed a smooth surface
of the MB dorsal lobe in the larval brain (Figure S1A).
At 6 hr APF, however, the surface appeared eroded from
the outside (Figure S1B). This suggests that glial cells
surrounding the MB lobe might erode this neuropil struc-
region of the lobes (arrowheads). Asterisk shows newly extending
axon branches of / neurons, which are also labeled with anti-
FasII antibody.
(E–G) Different phases of glial infiltration (green) and degeneration
of  neuron axons (magenta) observed in the tip of the MB dorsal
lobe (indicated with a white square in [B]) at 6 hr APF. (E) Thin glial
processes (green) infiltrate the lobe and surround parts of axon
branches in a cluster (arrow). The surrounded axon mass (magenta)
is devoid of glia in this image. (F) Glial processes spread into the
surrounded mass, forming glial lumps. Small vesicles in the glial
lumps include FasII-positive dots (arrows). (G) Glial lumps fill in the
Figure 4. Glial Cells Infiltrating into the Mass of MB Axons FasII-negative cluster (arrow).
(A–D) Glial cells (green) and axon branches of  neurons (magenta) (H) The lumps of infiltrated glia (green, left) exhibit signals of endo-
in the MB dorsal lobe. At L3 (A), thin glial cell processes (arrows) some/lysosome marker LysoTracker Red DND-99 (magenta, mid-
surround the outer surface of the MB lobe. At 6 hr APF (B), glial dle), suggesting activity of intracellular degradation process (arrow).
processes infiltrate into the mass of MB axon branches. The areas All figures are confocal single optical sections. Left, middle, and
occupied by the infiltrated glia correspond to the holes of unla- right panels in (A–G) show GFP, anti-FasII, and merged image, re-
beledregions with anti-FasII (arrowheads). At 12 hr (C) and 18 hr spectively. Scale bar equals 5 m.
APF (D), infiltrating glia form columnar structures along the shaft Genotype: UAS-cGFP/	; GAL4-repo/	 (A–H).
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ture. We therefore traced the morphologic changes of glia were involved in the disconnection and degenera-
tion of axon branches as well as the disappearance ofglial cells by using the pan-glial driver GAL4-repo and
the cGFP reporter (repo
cGFP). In larvae, glial cells varicosities.
surrounded the lobe, but the axon branches inside the
lobe were devoid of glial processes (Figure 4A). At 6 hr
Function of Infiltrated Glia in Axon PruningAPF, glial processes had infiltrated into the lobes and
Our results so far suggested that varicosities and axonformed many lumps (arrowheads in Figure 4B left). The
branches were engulfed and degraded in the glial lumps.positions of these lumps corresponded to the hole-like
There are two possibilities for the role of glia during thisstructures that were unlabeled with anti-FasII antibody
process. First, axon branches of  neurons might be(arrowheads in Figure 4B right).
degenerated by intrinsic mechanisms and infiltrating gliaClose observation of the glial processes revealed vari-
might just scavenge the already degraded debris asous patterns of infiltration at 6 hr APF. In some sections,
suggested previously [28]. Second, degradation of thethin glial processes surrounded parts of axon branches
axon branches of the  neurons may not be due tolabeled with anti-FasII antibody (Figure 4E). Glial pro-
intrinsic mechanisms alone and may require infiltratingcesses also spread into the surrounded mass, forming
glia to actively break down the axon branches. To deter-glial lumps. Vesicle-like structures in these glial lumps
mine the most likely possibility, we observed the pruningcontained small dots that were FasII-positive (Figure
process while glial cell function was conditionally inhib-4F). In the specimens with massive glial infiltration, glial
ited by the targeted expression of the temperature-sen-processes formed large lumps that occupied whole re-
sitive allele of shibire (shi ts1). The shibire gene is thegions unlabeled with anti-FasII antibody (Figure 4G).
Drosophila homolog of dynamin, which is involved inConsidering that dorsal lobes are initially filled with
cellular membrane functions, including endocytosis,FasII-positive axon mass (Figure 4A) and hole-like struc-
phagocytosis, and membrane growth [29, 30]. Becausetures unlabeled with anti-FasII antibody are eventually
Shits1 protein acts as a dominant-negative at a restrictivefilled with glial lumps labeled with repo
cGFP (Figures
temperature, targeted expression of Shits1 in glial cells4B and 4G), images like Figures 4E and 4F are best
would inhibit endocytosis and other membrane-relatedinterpreted as being intermediate steps. At first, infiltrat-
functions [31, 32].ing glial processes would surround clusters of varicosi-
We raised larvae expressing Shits1 in glial cells by usingties, which are still labeled with anti-FasII antibody (Fig-
the GAL4-repo driver (repo
shits1) at a permissive tem-ure 4E). Next, glial processes would further penetrate
perature (19C) and then placed them in the restrictivebetween varicosities to form lumps (Figure 4F). FasII-
temperature (29C) from 0 hr APF to either 6 hr or 18 hrpositive signals observed in the glial lumps might be
APF. Raising repo
shits1 pupae at the restrictive temper-parts of varicosities engulfed by glia. Intensity of the
ature resulted in an abnormal morphology of the glialFasII signal within glia was remarkably reduced com-
cells. Most striking abnormality of these glia was thatpared to the signals observed outside of glia (compare
they did not extend their processes into the lobe at allFigures 4E and 4F). This might be because engulfed
(arrows in Figures 5A and 5B). Whereas glial processesFasII protein was subject to intracellular degradation.
in a normal condition infiltrate into lobes intensely al-Finally, the FasII signal totally disappeared, and glial
ready at 6 hr APF (Figure 4B), dorsal lobes of repo
shits1lumps replaced the vestiges of varicosities (Figure 4G).
in the restrictive temperature was devoid of any glialIf this hypothesis has validity, infiltrated parts of glia
processes even at 18 hr APF (Figure 5B). This demon-must exhibit evidence of high activity in the intracellular
strates that Shits1 almost completely suppressed the in-degradation process. To examine whether this is the
filtration of glial processes.case, we performed vital staining with LysoTracker,
Anti-FasII labeling of dorsal lobes revealed hole-likewhich labels acidic organelles such as late endosomes
structures of unlabeled regions at 6 hr APF (Figures 3Band lysosomes. In the larval lobes, we found no detect-
and 4B), and severe loss of axon branches at 18 hr APFable signal with the LysoTracker staining (data not
(Figure 4D). Neither holes of unlabeled regions nor lossshown). In the dorsal lobe at 6 hr APF, on the other hand,
of axon branches were observed in the lobes of thewe constantly found the LysoTracker-positive signals
repo
shits1 animal in the restrictive temperature at 6 hr(Figure 4H). In most cases, the signals were localized in
and 18 hr APF (Figures 5A and 5B). The phenotypesthe lumps of the infiltrated glia. This finding strongly
were qualitatively indistinguishable among different in-suggests that varicosities are engulfed by glia and de-
dividuals (n 10 for each time point). These indicate thatgraded in the endosome-lysosome pathway.
axon pruning including both disappearance of clusteredThough most of the varicosities disappear by 12 hr
varicosities and local axon degeneration were severelyAPF (Figure 2A), glial infiltration was still observed at 12
suppressed in these pupae.hr and 18 hr APF (Figures 4C and 4D). Glial processes
Because inhibition of glial infiltration caused severeat these stages frequently formed columnar structures
suppression of axon pruning, it is highly likely that infil-lying along the axon branches (arrowheads in Figures
trating glia actively broke down and removed axon4C and 4D). These columnar structures are often ob-
branches rather than just scavenging already degradedserved in the shaft region of the dorsal lobes. The dis-
debris. This result, together with the engulfment andconnection of axons also occurs frequently in the shaft
degradation of clustered varicosities by glial lumps, sug-region rather than in the tip region at 12 hr APF (Figure
gests that infiltrating glia actively eliminate clustered1I). Thus, the formation of the columnar structures was
varicosities at the early phase of pruning.spatially and temporally correlated with the occurrence
of axon degeneration. This suggests that infiltrated If the pruning of  neurons is suppressed by the tar-
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geted disruption of glial function, do the unpruned axon
branches remain in the adult MB? The repo
shits1 pupae
incubated at the restrictive temperature did not survive
until adult stage; therefore we could not disrupt glial
function throughout pupal development. When the tem-
perature was shifted from the restrictive temperature to
25C at 24 hr APF, however, a small number of survivors
eclosed. In these animals (n  10), abnormal axon
branches expressing abnormal FasII-positive signals
were observed shortly after hatching beside the  and
 lobes, which are adult-specific branches labeled with
anti-FasII antibody (Figures 5C–5E). Such abnormal
FasII-positive branches were observed only in the distal
tip of the lobes, because continuous fibers could not
be traced from them to the shaft region of the lobe
(Figure 5E). Moreover, the abnormal branches were no
longer visible in the brains more than 7 days after eclo-
sion (data not shown). It is therefore likely that these
FasII-positive branches were the remnants of the  neu-
ron axons that were not pruned at 18 hr APF but gradu-
ally degenerated thereafter. Thus, transient inhibition of
glial function in early pupae does not completely block
axon pruning but severely delays the time course of
axon pruning.
Ecdysone-Induced Stimulation of  Neurons
Triggers Activation of Glia
Axon pruning is triggered by a surge of ecdysone, which
occurs just before puparium formation [33]. The  neu-
rons express the ecdysone receptor EcR-B1 strongly in
late third-instar larvae [11]. The surrounding glial cells
express EcR-B1 faintly at this stage (data not shown).
The expression of EcR-B1 in the glial cells, however, is
unlikely to be associated with axon pruning. Although
EcR-B mutation causes complete suppression of axon
pruning, this suppression is rescued by expression of
EcR-B1 only in the  neurons [11]. How, then, is the glial
activation controlled?
Because expression of EcR-B1 in  neurons is suffi-
cient for axon pruning, the glial cells must be activated
positive branches appear beside the  and  lobes of the adult brain
(dotted circles in [D]; detail in the dorsal lobe is shown in [E]).
(F and G) Effect of targeted expression of EcR-DN in  neurons at
6 (F) and 18 hr (G) APF. Pruning of axons and disappearance of
clustered varicosities (magenta, labeled with anti-FasII) were not
observed at 6 or 18 hr APF. Only a very few glial processes infiltrate
the lobe (green, labeled with anti-Drpr). Glial processes surrounding
Figure 5. Effects of Targeted Disruption of Glial Function and Tar- the lobes become thicker at 6 and 18 hr APF (arrows) compared
geted Expression of EcR-DN in  Neurons on Axon Pruning and with that at L3 (arrow in Figure S2B).
Glial Infiltration (H) Quantitative analysis of glial infiltration into MB lobe. The ratio
(A and B) Inhibition of cellular functions including endocytosis in glia of the regions occupied by glial processes (labeled with anti-Drpr
was induced by the targeted expression of temperature-dependent, antibody) was quantified in the dorsal tip region of MB lobe (see
dominant mutant allele of shibire (shi ts1) in glial cells. Morphology Experimental Procedures). The amount of the infiltrating glial pro-
of glial cells labeled with GFP (green) was abnormal (arrows), and cesses in 201Y
EcR-DN at 6, 12, and 18 hr APF was significantly
their processes infiltrate into the lobes neither at 6 (A) nor at 18 hr smaller (asterisks, t test, p  0.05) than that in 201Y without EcR-
APF (B). Disappearance of clustered varicosities was not observed DN at 6 hr APF. The number of samples examined is shown in each
in the mass of axons (magenta, labeled with anti-FasII) at 6 and 18 bar. Data represent the mean  SEM.
hr APF. Even at 18 hr APF, no sign of pruning was observed. Single optical-section images (A and B, F and G) and reconstruction
(C–E) MB axon branches in the adult brain. In the wild-type control images of serial optical sections (C–E) are shown. Scale bars equal
(C), anti-FasII antibody labels bifurcated axon branches of / neu- to 10 m.
rons ( and  lobes) strongly and unidirectional axon branches of Genotypes: UAS-cGFP/	; GAL4-repo/UAS-shi ts1 (A, B, D, and E), CS
 neurons ( lobe) weakly. When Shits1 was activated in glial cells (C), GAL4-201Y, UAS-cGFP/UAS-EcR-DN (F–H) GAL4-201Y/ UAS-
during early pupal stage (0–24 hr APF) (D and E), abnormal FasII- cGFP (H).
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via ecdysone stimulation of  neurons. To test this hy-
pothesis, we induced expression of a dominant-nega-
tive form of the ecdysone receptor in  neurons by using
the 201Y driver (201Y
EcR-DN), which drives expres-
sion in  neurons, but not in the surrounding glia (Figures
1C–1F). If the activation of glia were dependent on the
ecdysone-induced stimulation of  neurons, glial infiltra-
tion would be suppressed in these pupae. Conversely,
if the glial activation were independent of  neurons,
infiltration would not be disturbed.
To test which is the case, we observed the processes
of infiltrating glia in the 201Y
EcR-DN pupae (Figures
5F and 5G). Because the GAL4 system was used for
driving EcR-DN in  neurons, we needed a method to
label glial processes without using the pan-glial driver
GAL4-repo. The anti-Repo antibody labels only glial cell
Figure 6. Schematic Model of the Elimination of Varicosities by Infil-nuclei. Draper (Drpr), which is the homolog of the
trated GliaC. elegans cell corpse engulfment molecule CED-1 [34],
(A and B) Diagram of the multiple axon branches of  neurons in L3was localized in the membranes of infiltrating glia (Figure
(A) and early pupa ([B], at around 6 hr APF). (C–G) Steps of infiltration
S2A). Anti-Drpr antibody could label glial processes like and engulfing action of glial processes.
targeted expression of cGFP driven by GAL4-repo (com-
pare Figures S2B and S2C with 4A and 4B, respectively).
neural reorganization. Although ecdysone-induced stimu-It visualized glial processes surrounding the outer sur-
lation of  neurons triggers the pruning of these axonface of the dorsal lobe at L3 (arrows in Figure S2B)
branches in a cell-autonomous manner, pruning doesand infiltrating glial lumps occupying the FasII-negative
not proceed regularly if the function of the surroundingclustered regions at 6 hr APF (arrows in Figure S2C).
glia is disrupted. Furthermore, glial infiltration is sup-By using this marker, we examined the glial processes
pressed severely if ecdysone-induced stimulation of in 201Y
EcR-DN pupae. Although 201Y
EcR-DN is le-
neurons is inhibited. These results strongly suggest thatthal at late pupal stages, most of the neural circuits in the
glial cells that are extrinsically activated by ecdysone-central brain, such as the central complex, apparently
stimulated  neurons have indispensable roles in thedevelop normally at least until 18 hr APF. In these pupae,
precisely coordinated axon pruning (Figure 6).MB axon branches labeled with anti-FasII antibody were
not pruned and hole-like unlabeled regions that occur
Axon Pruning Requires Neuron-Glia Interactionin the wild-type MB lobes (Figure 3B) were not observed
Axon pruning is triggered by ecdysone through the EcR-at 6, 12, and even 18 hr APF (Figures 5F and 5G, and
B1/USP complex in  neurons [11, 35]. Because sup-data not shown, n  6 for each time point). At each
pression of axon pruning in the EcR-B mutant is rescuedobserved stage, infiltration of glial processes into MB
by expression of EcR-B1 only in  neurons [11], it islobes was severely suppressed (Figures 5F and 5G). The
unlikely that infiltration and the engulfing action of gliaamount of infiltrating glial processes labeled with anti-
are regulated directly by ecdysone in glial cells. WhenDrpr showed statistically significant reduction in
ecdysone-induced stimulation of  neurons is inhibited201Y
EcR-DN pupae as compared with control pupae
by targeted expression of EcR-DN, the surrounding glial(Figure 5H). These results strongly suggest that ecdy-
cells increased their thickness but rarely infiltrated intosone-induced stimulation of  neurons is indispensable
the lobes (arrows in Figures 5F and 5G). Thus, althoughfor the infiltrating and engulfing action of glial cells. Once
some aspects of glial activation might be regulated inde- neurons receive ecdysone by EcR-B1, these neurons
pendent of  neurons, the infiltration and engulfing ac-would induce glial infiltration and engulfment. Thus, the
tion are regulated by an interaction between glial cellsneuron-glia interaction is essential for coordinated axon
and  neurons upon stimulation induced by ecdysonepruning.
(Figures 6C and 6D).
What type of interaction exists between the glial cells
and  neurons? Although glial processes infiltrate theDiscussion
lobes, they do not infiltrate into the peduncle region of
the MB. In addition, glial cells extend their processesIn this study, we analyzed detailed morphologic changes
of axon branches accompanying axon pruning of Dro- from the outer surface of the lobe into the inner region.
Thus, infiltration of glial processes might be regulatedsophila MB  neurons. The varicosities arranged along
the axon branches disappear before axons start to dis- by a signal emitted from axon branches in the lobes
(Figure 6E). Although we observed a small amount ofconnect. We demonstrated that glial cells surrounding
the dorsal lobe infiltrate and engulf axon branches. Ultra- glial process infiltrating into the lobe when ecdysone
reception by  neurons was blocked, in this case infil-structural analysis by Watts and his colleagues support
this engulfing action [16]. Phagocytosis of neuronal de- trated glia rarely engulf axon branches. Thus, full activa-
tion of glial cells is likely to require putative signalsbris by glial cells has already been reported during the
metamorphosis of the Drosophila CNS [28]. Our results emitted by  neurons that are dependent on the EcR-
B1 transcription regulation.indicate that glial cells have more active roles during
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It is difficult to account for the control of glial en- unwanted axon branches by glial cells share a common
molecular mechanism. Although the drpr mutant is iso-gulfment by an emitted signal alone, however, because
the infiltrating glia have selective engulfing targets. lated in Drosophila, it is embryonic lethal. Furthermore,
clonal analysis with a flippase-mediated MARCM sys-When glial processes infiltrate and engulf axon branches
to form hole-like structures, only  neurons are affected. tem does not work reliably in the larval and pupal glial
cells. Analysis of the function of drpr in the engulfingThe core region of the lobes occupied by the / neu-
rons was devoid of such holes (stars in Figure S1E), glial cells with more sophisticated techniques to over-
come the above problem, together with the analyses ofsuggesting that the glial cells do not target these axons.
Also, varicosity elimination and local axon degeneration the involvement of phosphatidylserine and lysophos-
phatidylcholine in the axon pruning of  neurons, mightdo not occur in the clonally induced usp mutant  neu-
rons (Figures 2C and 2D). Thus, another type of neuron- reveal correlated mechanisms between removal of the
cell corpse and unwanted axons.glia interaction might exist for the selection of the en-
gulfing target (Figures 6F and 6G).
When Shits1 was expressed in glial cells, both the en- Advantage of Glial Involvement in the Axon
gulfing action and infiltration were suppressed. Although Pruning of  Neurons
shibire/dynamin has essential roles in endocytosis and Inhibition of glial function almost completely suppresses
phagocytosis [29], it is not likely that extension of the axon pruning until 18 hr APF, but the remaining axons
glial processes is directly affected by Shits1. Recent stud- still undergo degeneration in the adult (Figure 5). There
ies, however, report that endocytosis regulates signaling is therefore a possibility that cell-autonomous mecha-
through multiple mechanisms [36]. In receptor tyrosine nisms can prune axon branches without glial involve-
kinase signaling, for example, endocytosis might be im- ment. The time course of degeneration, however, is se-
portant for associating internalized receptors with sig- verely delayed.
naling targets localized in the endosomes. In addition, Rapid degeneration of  neuron axons seems vital for
Notch internalization by endocytosis might be required proper remodeling of the MB neural circuit. In the late
to activate Notch signaling. A type of endocytosis called larval brain, the / neurons extend their axons into
transcytosis is capable of forming morphogen gradients the core of the axon bundle of  neurons [25]. As 
of Wingless and TGF-. Thus, it is likely that suppression neuron axons are pruned during the early pupal stage,
of endocytosis with Shits1 in glial cells inhibits the recep- / neurons claim the region previously occupied by
tion of signals from  neurons.  neurons. When pruning of  neurons is suppressed
by ectopic expression of yeast ubiquitin protease,
UBP2, the unpruned axons remain in the vicinity of axonSimilarity between Clearance of Apoptotic
branches of / neurons in the adult [10]. The morphol-Corpus and Axon Pruning
ogy of / axon branches was distorted in this case
Once cells are subject to apoptosis, phagocytes engulf
(T.A. and K.I., unpublished data). This suggests that
and clear them rapidly [37, 38]. The process is initiated
proper elimination of larval axon branches might be im-
by the production of so-called “eat-me” signals. The
portant for the correct formation of adult axon branches.
best-characterized eat-me signal is the presence of
Rapid pruning with the help of the engulfing action of
phosphatidylserine on the outer leaflet of the plasma
glia would be advantageous in such a situation.
membrane of apoptotic cells. Various engulfing recep-
Although there are many examples of axon pruning,
tors have been identified and suggested to recognize
the underlying mechanisms have not been identified
phosphatidylserine [37, 38]. In addition, a recent study
except for Drosophila  neurons and the mossy fiber
demonstrated that a soluble factor, the lipid lysophos-
pathway of the mouse hippocampal neurons [9]. While
phatidylcholine, is released from apoptotic cells to at-
axon pruning in Drosophila  neurons is mediated by
tract phagocytes [39]. These findings suggest that both
the degeneration of axons, which occurs within approxi-
attraction and eat-me signals are involved in the rapid
mately 18 hr, the axon pruning of the mossy fiber path-
removal of apoptotic cells.
way requires the retraction of axons over 500 m in
The neuron-glia interactions for selective infiltration
length, which occurs over more than 30 days. Further
and engulfment resemble the interactions between
identification of the cellular and molecular mechanisms
phagocytes and apoptotic cells. It is not likely, however,
that mediate degeneration and retraction of axons might
that axon pruning and apoptosis use identical molecular
elucidate the differences and similarities in the strategy
mechanisms to activate glial cells and phagocytes. Mu-
of each type of axon pruning.
tation of Drosophila apoptosis activator genes (grim,
hid, and rpr) and overexpression of apoptosis inhibitor
Experimental Proceduresgenes (p35 and DIAP1) in  neurons have no effect on
axon pruning ([10], and T.A. and K.I., unpublished data). Immunohistochemistry and Vital Staining
On the other hand, Draper (Drpr) accumulates on the To obtain staged pupae, white prepupae were collected at 1 hr
intervals and aged for the appropriate time at 25C under continuouscell membrane of infiltrating glial processes (Figures
illumination. Brains were dissected, fixed, and processed as de-S2A–S2C). The drpr gene is the Drosophila homolog of
scribed previously [40]. Antibodies used in this study included:the C. elegans cell corpse-engulfment gene ced-1 [34].
mouse monoclonal 1D4 (anti-FasII, gift of A. Nose), 1:50; mouseEngulfment of apoptotic neurons by glial cells is sup-
monoclonal anti-GFP (Roche Diagnostics), 1:300; rabbit anti-GFP
pressed in the central nervous system (CNS) of drpr (Molecular Probes), 1:1000; rabbit anti-Drpr (gift of M. Freeman),
mutant embryos [34]. This raises the possibility that 1:500; rabbit anti-Synaptotagmin (gift of H. Bellen), 1:2000; Alexa-
488-conjugated goat anti-mouse and anti-rabbit IgG (Molecularsensing of apoptotic cells by phagocytes and sensing of
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Probes), 1:500; Cy3-conjugated goat anti-mouse and anti-rabbit IgG 2. Nakamura, H., and O’Leary, D.D. (1989). Inaccuracies in initial
growth and arborization of chick retinotectal axons followed by(Jackson), 1:600. To visualize GFP reporters in the mass of axon
branches, GFP fluorescence was directly observed. For visualizing course corrections and axon remodeling to develop topo-
graphic order. J. Neurosci. 9, 3776–3795.single neurons of MARCM clones, signals were enhanced with anti-
GFP antibody. To label lysosomes or endosomes, dissected brains 3. O’Leary, D.D., and Koester, S.E. (1993). Development of projec-
tion neuron types, axon pathways, and patterned connectionswere cultured for 30 min with 100 nM of LysoTracker Red DND-99
(Molecular Probes) in M9 medium. of the mammalian cortex. Neuron 10, 991–1006.
4. Truman, J.W. (1990). Metamorphosis of the central nervous sys-
tem of Drosophila. J. Neurobiol. 21, 1072–1084.Quantitative Analysis of Varicosities on the Axon Branches
5. Truman, J.W., Taylor, B.J., and Awad, T.A. (1993). Formation ofTo analyze the number of varicosities quantitatively, varicosities
the adult nervous system. In The Development of Drosophilaover 0.8 m in diameter on the dorsal axon branches were traced
melanogaster, M. Bate and A. Martinez Arias, eds. (Cold Springfrom serially scanning images by using Neurolucida (MicroBright-
Harbor, New York: Cold Spring Harbor Laboratory Press), pp.field) and analyzed with NeuroExplore (MicroBrightfield). Dorsal
1245–1275.axon branches were traced from bifurcation point to distal end to
6. Levine, R.B., Morton, D.B., and Restifo, L.L. (1995). Remodelingexamine axon disconnection. Fragmented axons were counted as
of the insect nervous system. Curr. Opin. Neurobiol. 5, 28–35.disconnected axons.
7. Lee, T., Lee, A., and Luo, L. (1999). Development of the Drosoph-
ila mushroom bodies: sequential generation of three distinctConditional Activation of Shits1
types of neurons from a neuroblast. Development 126, 4065–UAS-shibirets1 [31] was expressed in glial cells by using the GAL4-
4076.repo driver. Flies were raised at a permissive temperature (19C)
8. Zhu, S., Chiang, A.S., and Lee, T. (2003). Development of theuntil they became white prepupae. They were then placed into the
Drosophila mushroom bodies: elaboration, remodeling and spa-restrictive temperature (29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